The effect of heat treatment on the microstructure and mechanical properties of Ti-alloyed hypereutectic High Chromium Cast Iron (HCCI) containing Fe-17 mass%Cr-4 mass%C-1.5 mass%Ti was investigated. The size distribution and the volume fraction of carbides (M7C3 and TiC) as well as the matrix structure (martensite) were examined by means of scanning electron microscopy (SEM) and electron backscattered diffraction (EBSD). It was found that the number of fine secondary M7C3 carbides with a size below 1 μm increases with lower holding temperatures and shorter holding times during heat treatment. The number of coarse primary M7C3 carbides with a size above 11.2 μm increases with increasing holding temperatures and longer holding times. In addition, the number of TiC carbides increases with increasing holding times, and martensite units are more refined at longer holding times and lower holding temperatures, respectively. Moreover, the volume fraction of martensite increases with increased holding times. In conclusion, low holding temperatures close to the eutectic temperature and long holding times are the best heat treatment strategies in order to improve wear resistance and hardness of Ti-alloyed hypereutectic HCCI.
Introduction
High Chromium Cast Iron (HCCI) have been widely applied to wear resistant parts in e.g. steel making plants, power plants and mineral industry plants due to its excellent wear resistance. In these applications high wear resistance is required to improve the service life of the wear components. In comparison to as-cast cast iron, heat-treated cast iron has a higher wear resistance. The reason is that the matrix changes from an austenitic structure (fcc, γ) into a martensitic structure (bct, α') and new carbide precipitates (M 7 C 3 1,2) or M 23 C 6 3-5) ) form within the matrix. The martensite and the carbides play important roles in improving the mechanical properties of HCCI. Therefore, many studies 1, 3, [6] [7] [8] [9] [10] 13) focusing on improving the properties of cast iron, by alternative heat treatment processes, have been reported. Most of the previous studies are focused on identifying the new carbides by using transmission electron microscopy (TEM). 1, [4] [5] [6] [7] [8] [10] [11] [12] They have furthermore studied how the new carbides influence the final properties. The mechanical properties are to a large extent determined by the shape, size distribution and volume fraction of martensite and carbides formed in the HCCI. However, only a few studies quantitatively discuss how the size distribution of carbides and martensite units affect the final properties of hypereutectic HCCI.
The aim of the present work is therefore to characterize the effect of different heat treatment conditions on the microstructure and mechanical properties of hypereutectic HCCI with the chemical composition Fe-17 mass%.Cr-4 mass%.C-1.5 mass%.Ti. The volume fraction and the size distribution of carbide precipitates (M 7 C 3 and TiC) as well as martensite units were obtained by using image analysis on scanning electron microscopy (SEM) and electron backscattered diffraction (EBSD) data. Furthermore, the relationship between martensite units, carbide precipitation and mechanical properties are discussed. A possible mechanism is finally proposed to explain the improvement of mechanical properties through the heat treatment process.
Experiments

Experimental Procedure
In this study, the specimens used for heat treatments were selected from the as-cast ingots, which were casted in a graphite mold.
14) The reason for the casting process and selected chemical composition (Table 1) is that: 1) primary Samples of the dimensions 10 mmL×10 mmW×10 mmH were cut and then heat-treated at a furnace temperature of 900°C, 1 000°C and 1 050°C for 2 hr and 6 hr respectively. The samples were air cooled from the elevated temperature to room temperature. The surface temperature of the sample during heat treatment was measured using a R-type thermocouple and the temperature cycle is shown in Fig. 1 . It was found that the difference between the furnace temperature and the actual temperature of the sample surface was less than 10°C.
The phase diagram of the hypereutectic HCCI ( The size distribution of carbides (M7C3 and TiC) was measured on micrographs obtained by using back scattered electron (BSE) images in the scanning electron microscope (SEM) (Hitachi: S-3700N) at 600× magnification. The samples for SEM observations were polished manual polishing using SiC abrasive papers (P240-P1200), polishing cloth 3 μm diamond suspensions and finally etched by using a solution of 5 g FeCl3+10 ml HCl+100 ml ethanol.
Carbide and Matrix Analysis by EBSD
Electron backscattered diffraction (EBSD) analysis was carried out to identify the phases in the specimens. 15, 17) Austenite (fcc, γ), martensite (bct, α') and carbides (M23C6, M7C3 and TiC) were included in the analysis. The flatness and surface quality of specimens is crucial for EBSD analysis 16) in order to properly index phases such as e.g. martensite. 17) In this study, the specimens used for EBSD analysis were polished; first by manual polishing using SiC abrasive papers (P240-P320) together with water, secondly with 9 μm and 3 μm diamond suspensions. Finally, specimens were polished with a 0.05 μm colloidal SiO2 by automatic polishing. The detailed preparation procedure for the hypereutectic HCCI is shown in Table 2 . The EBSD measurements were performed using a LEO 1530 FEG (Field Emission Gun)-SEM installed with the HKL system and the HKL Channel 5 software. The specimens were tilted 70°t owards the detector and the microscope was operated at an acceleration voltage of 15 kV, in high current mode, and using an aperture of 120 μm. Two different step sizes of 0.1 μm and 0.03 μm were used. The area scanned with 0.1 μm step size was 200 μm×150 μm and the area scanned with the step size 0.03 μm was 10 μm×10 μm. The reason for using two step sizes was the rather broad size distribution. The size and volume fraction of carbide and martensite units were determined using image analysis on EBSD maps.
The EBSD measurements were further complemented by energy dispersive X-ray spectroscopy (EDS) mapping using the INCA software. The EDS analysis was conducted using 20 kV acceleration voltage and a 30 μm aperture in high current mode. The EDS analysis enabled a more sound identification of the phases since both crystal symmetry (EBSD) Step 3 ChemoMet where n(i) is the number analyzed for one selected size class. The parameter Sobs is the total area of the micrographs, which was 0.0314 mm 2 for SEM. For EBSD Sobs = 0.0001 mm 2 (0.03 μm step) and Sobs = 0.03 mm 2 (0.1 μm step) was used. The size of carbide precipitates (d) and martensite units (D) was calculated as the equivalent diameter of a circle, which has the same area as the measured unit (carbide or martensite). The commercial software WinROOF was used to determine the size.
Measurement of Hardness and Wear Loss
The bulk hardness of the hypereutectic HCCI was measured by using a HR-150A type hardness machine and using the Rockwell C scale (HRC). Eight measurements were taken for each sample. The wear resistance was evaluated by a single platform rotary abraser (model: ML-100 type, Zhangjiakou Taihua Machine Factory). The wear tests were performed at a platform speed of 60 rpm under a load of 100 N. The size of the wear test samples were 4.1 mmφ × 10 mmH. Wear tests were performed on 80 mesh Al2O3 abrasive paper at room temperature. The total sliding distance and the testing time of samples on the abrasive paper were 9 m and 25 s, respectively. The weight loss of the specimens due to abrasion was calculated by measuring the weight of the specimens before and after the tests with 0.001 mg accuracy. Three wear tests were carried out for each sample.
Results and Discussion
Microstructure Evolution
From Fig. 3 , it can be seen that the microstructure of Tialloyed hypereutectic HCCI include Ti-carbides (MC type), M7C3 type carbides (primary, eutectic) and a matrix consisting mainly of austenite in the as-cast condition. The experimental observations are also in agreement with the calculations using Thermo-Calc, as shown in Fig. 2 . During heat treatment, secondary carbides precipitate, as shown in Figs. 4 and 5 , and the matrix changes from austenite into martensite, as shown in Fig. 5 .
Evolution of M7C3
The carbides mainly include primary M7C3 carbides and eutectic M7C3 carbides both before and after heat treatment, as shown in Fig. 6 . It is also noticed by SEM and EBSD that fine secondary carbides precipitate in the matrix after heat treatment, as shown in Figs. 4 and 6 . Especially, in Fig. 5 , these fine precipitates were clearly recognized as secondary M7C3 type carbides by using EBSD analysis with a 0.03 μm step size.
The size distribution of M7C3 carbides from SEM and EBSD are shown in Figs. 7(a) and 7(b) .
The size distributions are plotted with a logarithmic scale. The range value of size d(j), for the j-th step, Δ(j), of log-normal distribution can be determined as follows: , it is found that we can get a clearer tendency from EBSD results compared to the SEM results. In this case, it was also confirmed by EBSD analysis that the secondary carbides are of M7C3 type in hypereutectic High Chromium Cast Iron. In order to understand the precipitation behavior of M7C3 carbides, besides the size distribution, the total carbide volume fraction has to be taken into consideration. The total volume fraction of M7C3 carbides (primary, eutectic and secondary) obtained from SEM images and EBSD maps using image analysis is shown in Fig. 8 . From the size distribution in Fig. 7 and the total carbide volume fraction in Fig. 8 , the precipitation behavior of M7C3 carbides is summarized as follows:
(1) For lower holding temperatures and shorter holding times in heat treatment, such as 900°C×2 hr, the number of (2) This behavior is due to the following reasons. The precipitation of secondary M7C3 occurs actively at 900°C close to the eutectic temperature and finishes completely in 2 hr. The coarsening of all sizes of M7C3 occur actively at higher holding temperatures and longer holding times of heat treatment.
(3) Thus, from the viewpoint of the precipitation of M7C3 (volume fraction) and the growth control/refinement of M7C3 (size distribution), lower holding temperature such as 900°C is preferred, regardless of the holding time during heat treatment.
(4) According to the reports of Wiengmoon et al. 4, 10, 19) and Pearce, 18) in cast irons with higher Cr contents, such as 30 mass% Cr, the secondary carbides were of M7C3 type or M23C6 type. These precipitate during conventional heat treatment, as shown in Table 3 , but actually we could not detect any M23C6 carbides in the hypereutectic HCCI in the present work. Therefore, only the M7C3 type carbides were examined from the EBSD results.
Evolution of TiC
The TiC with a high precipitation temperature are uniformly distributed within the M7C3 carbides and the matrix. as shown in Figs. 4 and 6 .
The size distributions of TiC in as-cast condition and after various heat treatments are shown in Figs. 9(a) and 9(b) . The size distribution is plotted using a logarithmic scale. The range value Δ of size of the log-normal distribution is calculated by Eq. (2). The Δ values range from -1.05 to 2.10 and d is varied from 0.11 to 107.51 μm.
The volume fraction of TiC obtained from image analysis is shown in Fig. 8 . From the size distribution in Fig. 9 and the volume fraction in Fig. 8 , the precipitation behavior of TiC is summarized as follows:
(1) At longer holding times of heat treatment, such as 6 hr, the number of all sizes of TiC carbides increases.
(2) This behavior is caused due to the following reasons. The precipitation of TiC occurs mainly in the melt and finishes completely at higher temperatures above 1 100°C. Moreover, the coarsening of all size of TiC occurs actively under longer holding time of heat treatment.
(3) Thus, from the viewpoint of the precipitation of TiC (volume fraction, size and number), longer holding time such as 6 hr is preferred, regardless of the holding temperature level, as the heat treatment condition.
Evolution of Matrix
The matrix of hypereutectic HCCI includes both austenite and martensite before and after heat treatment as shown in Figs. 5 and 6. However, the austenite is dominating in the as-cast condition and the martensite dominates after heat treatment, as shown in Figs. 5 and 6. EBSD phase maps with 0.03 μm and 0.1 μm step size are shown in Figs. 5 and 6 , respectively. It is clear that the matrix essentially consists of austenite with a small amount of martensite in the as-cast condition. The inverse pol figure (IPF) map in Fig. 5 shows the orientation of the martensite units, and it is clear that the martensite unit size differs between the different heat treatment conditions, as shown in Fig. 10 .
The size distribution of martensite units in as-cast condition and after the different heat treatments is shown in Fig.   10 . It shows the results combining data from 0.03 μm and 0.1 μm step size. These are also plotted with logarithmic scale. The range value Δ of size of a log-normal distribution is calculated by Eq. (2). The parameter Δ is range from -2.25 From Fig. 10 , it is seen that large martensite units above 4 μm is present under the conditions of high temperature or long holding time: 900°C×6 hr, 1 000°C×6 hr and 1 050°C× 6 hr. Compared to the higher temperature, the size of the martensite unit decreased at lower heat treatment temperatures.
The volume fraction of martensite is shown in Fig. 11 . The EBSD maps, which were used for calculating the volume fraction of martensite includes the non-indexed regions. The volume fraction of martensite calculated by using the 0.1 μm and the 0.03 μm step size EBSD maps give quite different results, as shown in Fig. 11 . Thus, from the viewpoint of size distribution and volume fraction of martensite, the formation behavior of martensite is summarized as follows:
(1) At longer holding times during heat treatment, such as 6 hr, the volume fraction of martensite increases.
(2) At long holding times, such as 6 hr, a lower holding temperature results in a more refined martensite.
(3) Thus, from the viewpoint of the transformation promotion of martensite (volume fraction) and the refinement of martensite unit (size distribution), longer holding time such as 6 hr and lower holding temperatures such as 900°C is recommended.
Mechanical Properties
Previous studies on the effect of matrix structure on wear resistance suggest that a martensitic matrix offers better wear resistance than an austenitic matrix. 20, 21) It is also reported 22, 23) that two competing effects will influence the final properties. These effects are (a) a high carbon martensite which forms at higher temperatures tends to increase the hardness, and (b) the increasing retained austenite content at higher temperatures tends to reduce hardness. Figure 12 gives the correlation between hardness and wear resistance in as-cast condition and after heat treatment. It is seen that both hardness and wear resistance improve markedly after heat treatment. In addition, the wear resistance increases with an increased holding time from 2 hr to 6 hr. However, both the hardness and wear resistance decrease with an increased holding temperature from 900°C to 1 050°C.
In the as-cast condition, the matrix almost consists solely of austenite. Clearly the hardness of austenite is lower than that of martensite. By considering the results of volume fraction and size distribution of M7C3, TiC and martensite units in sections 3.1.1, 3.1.2, 3.1.3, on the observed properties in Fig. 12 , the mechanism of improved mechanical properties was deduced as follows:
Longer holding time leads to the growth promotion of TiC (volume fractions), and the transformation promotion of martensite (volume fraction) as well as the refinement of martensite units (size distribution). However, it also leads to coarsening of M7C3. Consequently, longer holding times will increase the wear resistance, due to the altered matrix toughness and the decrease of hardness, which is due to the coarsening of M7C3.
A lower holding temperature leads to precipitation promotion of M7C3 (volume fraction) and the growth control/ refinement of martensite unit (size distribution). Consequently, lower holding temperatures will generate increased wear resistance and hardness due to the fine dispersion of M7C3.
Finally, a lower holding temperature close to eutectic temperature and a longer holding time is the most suitable heat treatment conditions for Ti-added hypereutectic HCCI.
Conclusions
Based on the volume fraction and the size distribution of carbides (M7C3 and TiC) and martensite units, the effect of heat treatment on the microstructure and mechanical properties of Ti-added hypereutectic High Chromium Cast Iron was quantitatively evaluated. The conclusions reached in this study are summarized as follows:
(1) The number of fine secondary M7C3 carbides with a size less than 1 μm increases in cases of lower holding temperatures and shorter holding times during heat treatment, such as 900°C×2 hr; However, the number of coarse M7C3
carbides larger than 11.2 μm increases in case of higher holding temperatures and longer holding times, such as 1 050°C×6 hr. Thus, from the viewpoint of the precipitation promotion of M7C3 (volume fraction) and the growth control/refinement of M7C3 (size distribution), a lower holding temperature such as 900°C is better. This is regardless of the holding time. (2) The number and volume fraction of all size of TiC increases with an increased holding time from 2 hr to 6 hr. Thus, from the viewpoint of the growth promotion of TiC (volume fractions), longer holding times such as 6 hr is better than shorter holding times. This is regardless of the holding temperature (3) The volume fraction of martensite increases with an increased holding time. It was found that martensite units are more refined in cases of longer holding times and lower holding temperatures. Thus, from the view point of the transformation promotion of martensite (volume fraction) and the refinement of martensite unit (size distribution), it is beneficial to longer holding times such as 6 hr and lower holding temperatures such as 900°C.
(4) The wear resistance of HCCIs increases with an increased holding time because of the modification of the matrix toughness. However, the hardness of HCCI decreases with an increased holding time due to the coarsening of M7C3. It was also found that both wear resistance and hardness increase in case of lower holding temperatures due to the fine dispersion of M7C3 carbides in the martensite matrix.
